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Improved passive catheter tracking with
positive contrast for CMR-guided cardiac
catheterization using partial saturation
(pSAT)
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Abstract
Background: Cardiac catheterization is a common procedure in patients with congenital heart disease (CHD).
Although cardiovascular magnetic resonance imaging (CMR) represents a promising alternative approach to
fluoroscopy guidance, simultaneous high contrast visualization of catheter, soft tissue and the blood pool remains
challenging. In this study, a novel passive tracking technique is proposed for enhanced positive contrast visualization of
gadolinium-filled balloon catheters using partial saturation (pSAT) magnetization preparation.
Methods: The proposed pSAT sequence uses a single shot acquisition with balanced steady-state free precession
(bSSFP) readout preceded by a partial saturation pre-pulse. This technique was initially evaluated in five healthy
subjects. The pSAT sequence was compared to conventional bSSFP images acquired with (SAT) and without
(Non-SAT) saturation pre-pulse. Signal-to-noise ratio (SNR) of the catheter balloon, blood and myocardium and
the corresponding contrast-to-noise ratio (CNR) are reported. Subjective assessment of image suitability for
CMR-guidance and ideal pSAT angle was performed by three cardiologists. The feasibility of the pSAT sequence is
demonstrated in two adult patients undergoing CMR-guided cardiac catheterization.
Results: The proposed pSAT approach provided better catheter balloon/blood contrast and catheter balloon/
myocardium contrast than conventional Non-SAT sequences. It also resulted in better blood and myocardium
SNR than SAT sequences. When averaged over all volunteers, images acquired with a pSAT angle of 20° to 40°
enabled simultaneous visualization of the catheter balloon and the cardiovascular anatomy (blood and myocardium)
and were found suitable for CMR-guidance in >93% of cases. The pSAT sequence was successfully used in two patients
undergoing CMR-guided diagnostic cardiac catheterization.
Conclusions: The proposed pSAT sequence offers real-time, simultaneous, enhanced contrast visualization of the
catheter balloon, soft tissues and blood. This technique provides improved passive tracking capabilities during
CMR-guided catheterization in patients.
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Background
The incidence of congenital heart disease (CHD) in
Europe has recently been estimated at 8.2 per 1000 live
births [1]. Cardiac catheterization is a common diagnos-
tic and interventional procedure in patients with CHD
[2, 3] which has classically been performed under fluoro-
scopic guidance.
Cardiovascular magnetic resonance imaging (CMR)-
guidance of cardiac catheterization procedures is a
promising alternative to fluoroscopy as it avoids ionising
radiation and provides improved real-time anatomical
visualization of the cardiovascular structures [4–6]. This
approach has been evaluated in a large number of pre-
clinical studies [7–20]. However, clinical cardiac
catheterization using CMR has been established in only a
few centres [4, 21–27], mainly for diagnostic purposes.
Very few interventional procedures have been carried out
under CMR guidance [26, 28, 29]. Clinical translation has
been hindered by a lack of suitable CMR-compatible cath-
eters and guide-wires and also by the limited capabilities
of current visualization techniques.
Current approaches for real-time catheter visualization
during CMR-guided catheterization include active and
passive tracking approaches [30]. Active tracking has been
used in CMR-guided electrophysiology studies [31–34].
However, there are no active catheters or guide-wires in
clinical use for congenital/structural heart disease with
only pre-clinical experience in transcatheter aortic valve
implantation and mitral valve interventions [16, 35].
Non-metallic catheters and guide-wires have been
used for passive tracking in CMR-guided cardiac
catheterization [24–26]. Balloon wedge catheters can be
filled with gadolinium for positive contrast or CO2 for
negative contrast (signal void) [26]. In order to improve
the visualization of gadolinium-filled balloon catheters
in real-time CMR, the interactive application of saturation
pre-pulses during the intervention has been proposed
[24]. Application of the saturation pulse maximizes the
positive contrast between the gadolinium-filled balloon
and the anatomy, for which visualization is reduced.
Conversely, images acquired without saturation pre-pulses
enable excellent anatomical visualization (blood and myo-
cardium) but provide poor catheter visualization due to
reduced contrast. Black blood preparation using flow sen-
sitive gradients has been proposed to preserve soft tissue
signal and simultaneously visualize the catheter balloon
[36]. However, this technique also suppresses the blood
signal and may result in suboptimal visualization of
thinned walled anatomical structures such as the atriums
and great vessels.
In this study, we developed and evaluated a novel
positive contrast-based passive tracking sequence using
partial saturation (pSAT) magnetization preparation, to
provide simultaneous enhanced contrast visualization of
both cardiovascular anatomy and gadolinium-filled bal-
loon catheters. This technique was initially evaluated in
healthy subjects and subsequently applied to CMR-
guided catheterization in two patients with CHD.
Methods
All imaging was performed on a Philips XMR system
(Achieva, Philips, Best, Netherlands), which consists of a
1.5 T CMR-scanner and a BV Pulsera cardiac X-Ray unit. A
5-channel cardiac phased array receiver coil was used for all
imaging experiments. All experiments were conducted using
a balloon wedge catheter (Arrow Intl., Inc., Reading, Pennsyl-
vania, USA) filled with a dilution of 1% of gadolinium
(Dotarem®, Guerbet LLC, Bloomington, Indiana, USA) mixed
with a physiological 0.9% sodium chloride solution. The study
was approved by the National Research Ethics Service, with
written informed consent obtained from all participants.
Passive tracking sequence using a partial saturation
pre-pulse
A novel passive tracking sequence is proposed using real-
time single-shot acquisition with bSSFP readout (TR/
TE= 2.65ms/1.3ms, flip angle = 60°, FOV=350 × 300mm2,
voxel size = 2.2 × 2.5 mm2, slice thickness = 10 mm, band-
width = 1250 Hz/pixel, SENSE factor = 2, partial k-space
acquisition in the phase encoding direction = 65%, num-
ber of phase encoding lines = 40, acquisition time = 106ms,
linear ordering, extra “dead time” of ~64 ms after each
readout due to SAR constraints (2 W/kg) required for
paediatric use). Each image is acquired immediately after
a saturation pre-pulse with a reduced saturation angle to
achieve partial saturation. The time between the pSAT
pulse and the readout of the k-space center line (referred
to as saturation delay time) was 41 ms. A non-selective
saturation pulse provided and optimized by the manufac-
turer for regional saturation technique (REST) was used
with the following parameters: bandwidth = 3966 Hz and
duration = 2.1 ms with modulation of pulse power to
reach the desired pSAT angle. Slight modifications of the
pulse (duration = 2.3 ms and bandwidth = 3555 Hz) were
employed for a pSAT angle of 90° to satisfy B1/SAR limits.
This sequence has a temporal resolution of ~5 Hz. The se-
quence takes approximately 7 images (1.5 s) to reach
steady-state resulting in a progressive improvement in
visibility thereafter. Unless stated otherwise, all experi-
ments in this study used the sequence parameters de-
scribed in this section. The use of the pSAT sequence with
a pSAT angle of 0° (i.e. saturation pulse turned off) and
90° are hereafter referred to as Non-SAT and SAT se-
quences, respectively.
In-vivo evaluation in healthy subjects
The pSAT sequence was evaluated in five healthy sub-
jects (33 ± 3 year-old, 4 male). A passively tracked CMR
Velasco Forte et al. Journal of Cardiovascular Magnetic Resonance  (2017) 19:60 Page 2 of 9
guided cardiac catheterization was approximated by po-
sitioning a gadolinium-filled balloon catheter on the
chest of each volunteer. A large syringe containing the
same concentration of gadolinium was also placed on
the chest to obtain additional “reference” signal free
from partial volume averaging. The pSAT sequence was
run using 10 different pSAT angles (0° to 90°, in steps of
10°), each acquired with 5 different slice thicknesses ([5,
7, 10, 15, 20] mm using a framerate of 5 Hz and satur-
ation time delay of 41 ms), and 3 different framerates
([5, 3.5, 2.5] Hz using a slice thickness of 10 mm and
saturation delay times of [41,200,300] ms, respectively).
This resulted in a total of 70 pSAT acquisitions per
subject.
Catheter balloon signal-to-noise ratio (SNR), blood SNR,
myocardium SNR, catheter balloon/blood contrast-to-
noise ratio (CNR), catheter balloon/myocardium CNR, and
blood/myocardium CNR were measured in the last image
of each acquisition. Myocardial and blood signal were mea-
sured over a region of interest manually drawn within the
septum and the right ventricle cavity, respectively. SNR
and CNR were evaluated using the NEMA approach [37].
The noise, n, was approximated from the difference be-
tween two images acquired with the same pSAT sequence
with identical parameters, as follows: n ¼ SD= ﬃﬃﬃ2p , where
SD is the standard deviation of the signal over a region of
interest manually drawn over the right ventricle of the dif-
ference image.
Qualitative evaluation of the pSAT sequence was then
performed by three cardiologists with more than 5 years
of experience in cross-sectional imaging and CMR
catheterization. This analysis was limited to the pSAT se-
quence acquisitions (pSAT angle from 0° to 90°) using a
10 mm slice thickness and a framerate of 5 Hz. Subject-
ive assessment of the contrast between catheter balloon
and blood and quality of visualization of cardiovascular
structures were scored using a 5-point scale (see Tables 1
and 2 for description of the scoring system) [38]. Experts
were able to window the level of image contrast as they
wished and were asked to score the 20th image of each
acquisition. The mean of the experts’ scores was then cal-
culated. Subjective assessment of image suitability for
CMR-guidance and ideal pSAT angle were also evaluated
for each healthy volunteer. Each expert scored the suit-
ability of each acquisition for CMR-guidance as: 0 (insuffi-
cient contrast between balloon and cardiovascular
structures or insufficient blood/myocardium SNR to carry
out the procedure) or 1 (sufficient contrast between bal-
loon and cardiovascular structures and sufficient blood/
myocardium SNR). Furthermore, each expert was asked
to determine the ideal pSAT acquisition (i.e. pSAT angle)
for each volunteer.
In-vivo CMR-guided catheterization in patients
Two patients (39 and 15 year old females) in whom
XMR cardiac catheterization was clinically indicated for
pulmonary vascular resistance (PVR) assessment prior to
consideration of further management were included.
These patients had uncorrected atrioventricular septal
defect and hypoplastic left heart syndrome post-Fontan
completion, respectively. Both procedures were per-
formed under general anaesthesia. A 6Fr sheath and a
20G arterial Laedercath (Vygon, Swindon, UK) were
placed in the femoral vein and artery respectively for
each patient. A 6Fr balloon wedge catheter (Arrow Intl.,
Inc., Reading, Pennsylvania, USA) was used throughout
the CMR-guided procedure [25]. In the first patient, the
pSAT sequence was run several times with different
pSAT angles (10° to 60° in steps of 10°). CMR-guided
catheterization was performed using the pSAT sequence
with a pSAT angle of 30° and 40° for the first and second
patient, respectively.
After the procedure, qualitative analysis of the same
metrics used for the healthy volunteer study was per-
formed using the preliminary datasets acquired with dif-
ferent pSAT angles in the first patient.
Results
In-vivo evaluation in healthy subjects
Figure 1 shows real-time images acquired with the pSAT
sequence in one healthy volunteer. Increased of pSAT
angle was associated with higher balloon/blood contrast
but reduced ability to visualize cardiovascular structures.
Table 1 Image quality scoring system for visualization of
cardiovascular structures
Score Description
1 Poor. Unable to differentiate
cardiovascular structures
2 Low. Cardiovascular structures can
be slightly intuited.
3 Intermediate. Cardiovascular structures
can be delineated.
4 Good. Good definition of cardiovascular
structures.
5 Excellent. Optimal cardiovascular
structures delineation.
Table 2 Image quality scoring system for contrast between
blood pool and balloon of the wedge catheter
Score Description
1 Poor. Impossible to differentiate balloon and blood pool.
2 Low. Differentiation of blood and balloon difficult to perform.
3 Intermediate. Adequate signal disparity.
4 Good. Differentiation of blood and balloon easily performed.
5 Excellent. Excellent contrast between blood and balloon
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Low pSAT angles (<20°) resulted in poor balloon/blood
contrast, while larger pSAT angle (>40°) led to substan-
tial reduction of blood and myocardium signal. Inter-
mediate pSAT angles of 20°-40° enabled simultaneous
visualization of balloon, blood and myocardium.
The influence of the pSAT angle and slice thickness on
the pSAT sequence measured in healthy subjects is
shown in Fig. 2. To describe the influence of the pSAT
angle on the pSAT sequence, the data from Fig. 2 were
first averaged over all slice thicknesses and are reported
as average SNR/CNR variation ± standard deviation
(over all subjects) between the Non-SAT sequence and
the pSAT sequence using each of the following pSAT an-
gles: 20°, 40°, 90°. Balloon SNR reduced by 1 ± 6%,
4 ± 5%, 23 ± 10%, respectively. Blood SNR reduced by
36 ± 2%, 72 ± 1%, 97 ± 1%, respectively. Myocardium
SNR reduction was 12 ± 4%, 42 ± 7%, 90 ± 2%, respect-
ively. Balloon/blood CNR increased by 89 ± 31%,
207 ± 77%, 212 ± 68%, respectively. Low balloon/myo-
cardium CNR variation was observed (<15% in all cases).
Fig. 1 Images acquired with the pSAT sequence in one healthy volunteer using different pSAT angles (Blue arrow = syringe, white arrow = balloon
wedge catheter). Image contrast was adjusted for each image to a window with minimum of 0 and maximum equal to twice the average right
ventricular blood signal. Intermediate pSAT angles of 20°-40° enabled simultaneous visualization of balloon, blood and myocardium
Fig. 2 Influence of slice thickness and pSAT angle on the proposed pSAT sequence measured in healthy subjects. Data are shown as average
and standard deviation over all subjects. Low pSAT angles (<20°) resulted in reduced balloon/blood CNR, while high pSAT angles (>40°) led to
reduced blood and myocardium SNR. In the pSAT range of interest (20° to 40°), larger slice thicknesses resulted in higher SNRs and CNRs
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Fig. 3 Influence of framerate and pSAT angle on the proposed pSAT sequence measured in healthy subjects. Data are shown as average and
standard deviation over all subjects. Low pSAT angles (<20°) resulted in reduced balloon/blood CNR, while high pSAT angles (>40°) led to
reduced blood and myocardium SNR. In this pSAT range of interest (20° to 40°), lower framerate resulted in higher balloon, blood, and myocardium
SNR, but reduced balloon/blood CNR and balloon/myocardium CNR
Fig. 4 Subjective assessment of the pSAT sequence in healthy subjects. Catheter balloon/blood contrast (a), cardiovascular structure visualization (b),
image suitability score for CMR-guidance (c), and ideal pSAT angle (d) are shown. In (a) and (b), scores were first averaged over all experts and are
shown in average ± standard deviation over all subjects. A pSAT angle range of 20°-40° resulted in balloon/blood contrast score > 2, cardiovascular
structure visualization score > 2 and image suitability for CMR-guidance in >93% of cases. The average ideal pSAT angle was 33 ± 7°
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Blood/myocardium CNR reduced by 49 ± 9%, 88 ± 1%,
98 ± 1%, respectively, demonstrating that most of this
contrast vanishes with pSAT angle >40°.
To describe the influence of slice thickness on the
pSAT sequence, the data from Fig. 2 were first averaged
over all subjects and are reported as average SNR/CNR
variations ± standard deviation (over all pSAT angles)
between the smaller slice thickness (5 mm) and each of
the larger slice thicknesses: 7 mm, 10 mm, 15 mm,
20 mm. Balloon SNR increased by 30 ± 8%, 62 ± 9%,
84 ± 8%, 96 ± 10%, respectively. Blood SNR increased by
38 ± 10%, 86 ± 18%, 169 ± 30%, 242 ± 40%, respectively.
Myocardium SNR increased by 34 ± 14%, 82 ± 13%,
160 ± 26%, 262 ± 36%, respectively. In average over all
pSAT angles >20°, Balloon/blood CNR increased by
29 ± 8%, 58 ± 12%, 71 ± 13%, 74 ± 22%, respectively.
Balloon/myocardium CNR increased by 30 ± 9%,
60 ± 9%, 75 ± 9%, 72 ± 17%, respectively. In average over
all pSAT angles <50°, Blood/myocardium CNR increased
by 38 ± 15%, 107 ± 22%, 195 ± 33%, 237 ± 43%,
respectively.
The influence of the pSAT angle and framerate on the
pSAT sequence measured in healthy subjects is shown in
Fig. 3. To describe the influence of framerate on the
pSAT sequence, the data from Fig. 3 were first averaged
over all subjects and are reported as average absolute
SNR/CNR variations ± standard deviation (over all pSAT
angles) between a framerate of 5 Hz and each of the two
following framerates: 3.3 Hz and 2.5 Hz. Balloon SNR
increased by 12 ± 7 and 12 ± 8, respectively. Blood SNR
increased by 11 ± 3 and 17 ± 5, respectively. Myocar-
dium SNR increased by 12 ± 2 and 18 ± 3, respectively.
Fig. 5 In-vivo analysis of the pSAT sequence in one patient undergoing CMR-guided catheterization. The catheter was positioned at the proximal
inferior vena cava (arrow). a Images acquired using the pSAT sequence with different pSAT angles. Image contrast was adjusted for each image
to a window with minimum of 0 and maximum equal to twice the average right ventricular blood signal. b-e Qualitative assessment of the pSAT
sequence including catheter balloon/blood contrast (b), cardiovascular structure visualisation score (c), image suitability score for CMR-guidance
(d), and ideal pSAT angle (e). A pSAT angle range of 10°-30° resulted in balloon/blood score > 2, cardiovascular structure visualization score > 2
and image suitability for CMR-guidance in 100% of cases. The average ideal pSAT angle was 27 ± 6°
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In average over all pSAT angles <60°, balloon/blood
CNR reduced by 4 ± 3 and 10 ± 3, respectively, and
balloon/myocardium CNR reduced by 3 ± 1 and
11 ± 3, respectively. All framerates provided similar
blood/myocardium CNR (all variations < 1).
The subjective analysis of the healthy subject study is
summarized in Fig. 4. Low pSAT angles (<20°) resulted
in low balloon/blood contrast (scores <2). High pSAT
angles (>40°) led to low quality visualization of
cardiovascular structures (scores <2). A pSAT angle
range of 20°-40° resulted in an average score for both
visualization of cardiovascular structures and balloon/
blood contrast >2 and was considered suitable for CMR-
guidance in >93% of cases. Optimal pSAT angles were
subjectively assessed to be 20–40°.
In-vivo CMR-guided catheterization in patients
Figure 5a and 6 show real-time images obtained with the
proposed pSAT sequence in patients with CHD. Figure
5b-e shows qualitative results obtained in the first patient.
A pSAT angle range of 10°-30° resulted in balloon/blood
contrast score > 2, quality of cardiovascular structure
visualization score > 2 and image suitability for MR-
guidance in 100% of cases. The ideal pSAT angle ranged
from 20 to 30°. In the first patient, the catheter was easily
guided from the IVC to the right atrium, right ventricle,
main pulmonary artery and pulmonary branches; in the
second patient, the balloon was guided from the IVC into
the pulmonary arteries without difficulty (see Fig. 6 and
Additional file 1: Video S1). The balloon and the cardiovas-
cular structures were well visualized throughout each pro-
cedure. The first procedure was performed solely under
CMR guidance. Support with x-ray was needed for the sec-
ond patient (post-Fontan completion) to access the intra-
cardiac anatomy across the fenestration from the lateral
tunnel of the Fontan pathway using a wire.
Discussion
In this study, we developed and evaluated a novel passive
tracking sequence using a pSAT pre-pulse. This technique
provides simultaneous visualization of the tip of the cath-
eter and the patient’s anatomy with higher contrast than
conventional Non-SAT sequences and better SNR than
conventional SAT sequences. The clinical feasibility of
CMR-guided catheterization using the proposed pSAT se-
quence was successfully demonstrated.
Good agreement was found between the healthy
subject study and the patient study. The choice of the
ideal pSAT angle consists in finding the best comprom-
ise between sufficient blood and myocardium SNR
(which gradually deteriorates with increasing pSAT
angles) and sufficient catheter balloon/blood CNR
(which gradually improves with increasing pSAT angles
of up to 50°). Overall, a pSATangle of 20° to 40° was found
to provide a good compromise between visualization of
the cardiovascular anatomy (blood and myocardium) and
catheter balloon/blood contrast for all employed slice
thicknesses and framerates. In this pSAT angle range, lar-
ger slice thicknesses increased all measured SNRs and
Fig. 6 Real-time images acquired in two patients during CMR-guided catheterization using the pSAT sequence with a pSAT angle of 30° (patient
#1, a-c) and 40° (patient #2, d-f). Note balloon of the wedge catheter (see white arrow) at the inferior vena cava (a), main pulmonary artery (b)
and left pulmonary wedge (c) in patient 1; and in the IVC (d) and LPA (e, f) in patient #2. Simultaneous visualization of catheter balloon and
blood/heart structures was achieved with enhanced contrast and SNR using the proposed sequence
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CNRs, while slower framerates increased all measured
SNRs but decreased balloon/blood CNR and balloon/
myocardium CNR. Therefore, this approach may enable
the use of larger slice thicknesses and reduce the problem
of “out-of-plane” catheters.
Previous clinical CMR catheterization studies have
used other types of saturation pulses such as interactive
on/off saturation pulses [24], or flow sensitive prepar-
ation pulses for blood signal suppression [36]. The pro-
posed approach has several advantages. It provides
simultaneous visualization of soft tissue, blood and
catheter balloon. Furthermore, this approach is easy to
implement and to use as it only requires the adjustment
of the saturation angle, which can often be done from
most standard scanner consoles.
A frame-rate of 5 images/s was used in this study.
Higher frame-rates have been reported [26] [4]. Al-
though the employed frame-rate was found suitable for
procedure guidance, a higher frame-rate could provide
improved navigation but was not investigated in the
current study. Advanced acceleration techniques such as
temporal sensitivity encoding (TSENSE) [39] or tem-
poral Generalized Autocalibrating Partially Parallel Ac-
quisitions (TGRAPPA) [40] potentially combined with
computationally efficient reconstruction [41] could be
used to further improve the frame-rate. Further studies
are required to investigate the benefit of higher frame-
rate using the proposed pSAT sequence.
Our study has several limitations. Firstly, the use of a
catheter positioned on the healthy subjects' chest may have
introduced some bias in terms of quantitative and qualita-
tive analysis, when compared to real-life scenario where the
catheter is navigated through the cardiovascular system.
However, these findings were similar with in-vivo studies in
two patients. Second, the use of low framerates with short
time delays was not investigated in this study. Finally, we
have evaluated the clinical feasibility of the pSAT approach
in two patients. Larger clinical studies will be needed to es-
tablish its clinical value over existing techniques.
Conclusion
The proposed pSAT sequence offers real-time simultan-
eous enhanced contrast visualization of the catheter bal-
loon, soft tissues and blood. This technique provides
improved passive tracking capabilities during CMR-
guided catheterization in patients.
Additional file
Additional file 1: Video S1. CMR-guided catheterization using the pSAT
sequence in the second patient. The balloon of the wedge catheter is seen
in the inferior vena cava, lateral tunnel and entering the left pulmonary
artery. (MP4 8665 kb)
Abbreviations
bSSFP: Balanced steady state free precession; CHD: Congenital heart disease;
CMR: Cardiovascular magnetic resonance; CNR: Contrast-to-noise ratio;
FOV: Field of view; MR: Magnetic resonance; NEMA: National Electrical
Manufacturers Association; Non-SAT: Without Saturation; pSAT: Partial saturation;
PVR: Pulmonary vascular resistance; SAT: Saturation; SNR: Signal-to-noise ratio;
TE: Echo time; TR: Repetition time; XMR: X-ray and MRI
Acknowledgements
Not applicable.
Funding
This work was supported by the Department of Health via the National Institute
for Health Research (NIHR) comprehensive Biomedical Research Centre award
to Guy’s & St Thomas’ NHS Foundation Trust in partnership with King’s College
London and King’s College Hospital NHS Foundation Trust. The Division of
Biomedical Engineering & Cardiovascular Imaging is part of the Centre of
Excellence in Medical Engineering and is funded by the Welcome Trust and
EPSRC (grant code MRJKAGR).
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Authors’ contributions
SR and RR conceived and designed the study. MVF and SR developed the
described sequence, acquired and analyzed the data and were major
contributors of the manuscript. KP, BR and RR performed the clinical study.
KP, IV, and TH performed the qualitative scoring of in-vivo data. KR, MA, NB,
AC, and TI participated in the experiments and data acquisition. MVF and SR
drafted the manuscript. KP, TS, BR, IV, TI, and RR contributed to the final
manuscript. All authors read and approved the final manuscript.
Ethics approval and consent to participate
The study was approved by the National Research Ethics Service (IRB: 10/H0802/
65 for the patient study and 01/11/12 for the healthy volunteer study). Inform
consent was obtained from all participants.
Consent for publication
Consent for publication was obtained from all participants in the study.
Competing interests
The authors declare that they have no competing interests.
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Division of Imaging Sciences and Biomedical Engineering, King’s College
London, St Thomas’ Hospital, 3rd Floor Lambeth Wing, Westminster Bridge
Road, London SE1 7EH, UK. 2Department of Congenital Heart Disease, Evelina
London Children’s Hospital, Guy’s and St Thomas’ NHS Foundation Trust,
London, UK. 3Cardiovascular Pathology Unit, Institute of Biomedicine of
Seville, IBIS, Virgen del Rocio University Hospital/CSIC/University of Seville,
Seville, Spain. 4Department of Medical Physics, Guy’s and St. Thomas’ NHS
Foundation Trust, London, UK. 5Dept. of Pediatrics, University of Texas
Southwestern Medical Center, 1935 Medical District Drive, Dallas, USA.
Received: 20 February 2017 Accepted: 29 June 2017
References
1. van der Linde D, Konings EE, Slager MA, Witsenburg M, Helbing WA,
Takkenberg JJ, Roos-Hesselink JW. Birth prevalence of congenital heart
disease worldwide: a systematic review and meta-analysis. J Am Coll
Cardiol. 2011;58:2241–7.
2. Andrews RE, Tulloh RM. Interventional cardiac catheterisation in congenital
heart disease. Arch Dis Child. 2004;89:1168–73.
3. McLaughlin P, Benson L, Horlick E. The role of cardiac catheterization in
adult congenital heart disease. Cardiol Clin. 2006;24:531–56. v
Velasco Forte et al. Journal of Cardiovascular Magnetic Resonance  (2017) 19:60 Page 8 of 9
4. Razavi R, Hill DL, Keevil SF, Miquel ME, Muthurangu V, Hegde S, Rhode K, Barnett
M, van Vaals J, Hawkes DJ, Baker E. Cardiac catheterisation guided by MRI in
children and adults with congenital heart disease. Lancet. 2003;362:1877–82.
5. Brown DW, Gauvreau K, Powell AJ, Lang P, Colan SD, Del Nido PJ, Odegard
KC, Geva T. Cardiac magnetic resonance versus routine cardiac
catheterization before bidirectional glenn anastomosis in infants with
functional single ventricle: a prospective randomized trial. Circulation. 2007;
116:2718–25.
6. Brown DW, Gauvreau K, Powell AJ, Lang P, del Nido PJ, Odegard KC, Geva T.
Cardiac magnetic resonance versus routine cardiac catheterization before
bidirectional Glenn anastomosis: long-term follow-up of a prospective
randomized trial. J Thorac Cardiovasc Surg. 2013;146:1172–8.
7. Arepally A, Karmarkar PV, Weiss C, Rodriguez ER, Lederman RJ, Atalar E.
Magnetic resonance image-guided trans-septal puncture in a swine heart.
J Magn Reson Imaging. 2005;21:463–7.
8. Barbash IM, Saikus CE, Faranesh AZ, Ratnayaka K, Kocaturk O, Chen MY, Bell
JA, Virmani R, Schenke WH, Hansen MS, et al. Direct percutaneous left
ventricular access and port closure: pre-clinical feasibility. JACC Cardiovasc
Interv. 2011;4:1318–25.
9. Bell JA, Saikus CE, Ratnayaka K, Barbash IM, Faranesh AZ, Franson DN,
Sonmez M, Slack MC, Lederman RJ, Kocaturk O. Active delivery cable tuned
to device deployment state: enhanced visibility of nitinol occluders during
preclinical interventional MRI. J Magn Reson Imaging. 2012;36:972–8.
10. Elagha AA, Kocaturk O, Guttman MA, Ozturk C, Kim AH, Burton GW, Kim JH,
Raman VK, Raval AN, Wright VJ, et al. Real-time MR imaging-guided laser
atrial septal puncture in swine. J Vasc Interv Radiol. 2008;19:1347–53.
11. Halabi M, Faranesh AZ, Schenke WH, Wright VJ, Hansen MS, Saikus CE,
Kocaturk O, Lederman RJ, Ratnayaka K. Real-time cardiovascular magnetic
resonance subxiphoid pericardial access and pericardiocentesis using off-
the-shelf devices in swine. J Cardiovasc Magn Reson. 2013;15:61.
12. Halabi M, Ratnayaka K, Faranesh AZ, Hansen MS, Barbash IM, Eckhaus MA,
Wilson JR, Chen MY, Slack MC, Kocaturk O, et al. Transthoracic delivery of large
devices into the left ventricle through the right ventricle and interventricular
septum: preclinical feasibility. J Cardiovasc Magn Reson. 2013;15:10.
13. McVeigh ER, Guttman MA, Lederman RJ, Li M, Kocaturk O, Hunt T, Kozlov S,
Horvath KA. Real-time interactive MRI-guided cardiac surgery: aortic valve
replacement using a direct apical approach. Magn Reson Med. 2006;56:958–64.
14. Raval AN, Karmarkar PV, Guttman MA, Ozturk C, Desilva R, Aviles RJ, Wright VJ,
Schenke WH, Atalar E, McVeigh ER, Lederman RJ. Real-time MRI guided atrial
septal puncture and balloon septostomy in swine. Catheter Cardiovasc Interv.
2006;67:637–43.
15. Raval AN, Telep JD, Guttman MA, Ozturk C, Jones M, Thompson RB, Wright
VJ, Schenke WH, DeSilva R, Aviles RJ, et al. Real-time magnetic resonance
imaging-guided stenting of aortic coarctation with commercially available
catheter devices in swine. Circulation. 2005;112:699–706.
16. Rogers T, Ratnayaka K, Schenke WH, Sonmez M, Kocaturk O, Mazal JR, Chen MY,
Flugelman MY, Troendle JF, Faranesh AZ, Lederman RJ. Fully percutaneous
transthoracic left atrial entry and closure as a potential access route for
transcatheter mitral valve interventions. Circ Cardiovasc Interv. 2015;8:e002538.
17. Beerbaum P, Korperich H, Barth P, Esdorn H, Gieseke J, Meyer H.
Noninvasive quantification of left-to-right shunt in pediatric patients: phase-
contrast cine magnetic resonance imaging compared with invasive
oximetry. Circulation. 2001;103:2476–82.
18. Kahlert P, Parohl N, Albert J, Schafer L, Reinhardt R, Kaiser GM, McDougall I,
Decker B, Plicht B, Erbel R, et al. Real-time magnetic resonance imaging-
guided transarterial aortic valve implantation: in vivo evaluation in swine. J
Am Coll Cardiol. 2012;59:192–3.
19. Kahlert P, Parohl N, Albert J, Schafer L, Reinhardt R, Kaiser GM, McDougall I,
Decker B, Plicht B, Erbel R, et al. Towards real-time cardiovascular magnetic
resonance guided transarterial CoreValve implantation: in vivo evaluation in
swine. J Cardiovasc Magn Reson. 2012;14:21.
20. Magnusson P, Johansson E, Mansson S, Petersson JS, Chai CM, Hansson G,
Axelsson O, Golman K. Passive catheter tracking during interventional MRI
using hyperpolarized 13C. Magn Reson Med. 2007;57:1140–7.
21. Del Cerro MJ, Moledina S, Haworth SG, Ivy D, Al Dabbagh M, Banjar H, Diaz
G, Heath-Freudenthal A, Galal AN, Humpl T, et al. Cardiac catheterization in
children with pulmonary hypertensive vascular disease: consensus
statement from the pulmonary vascular research institute, pediatric and
congenital heart disease task forces. Pulm Circ. 2016;6:118–25.
22. Schmitt B, Steendijk P, Ovroutski S, Lunze K, Rahmanzadeh P, Maarouf N,
Ewert P, Berger F, Kuehne T. Pulmonary vascular resistance, collateral flow,
and ventricular function in patients with a Fontan circulation at rest and
during dobutamine stress. Circ Cardiovasc Imaging. 2010;3:623–31.
23. Schmitt B, Steendijk P, Lunze K, Ovroutski S, Falkenberg J, Rahmanzadeh P,
Maarouf N, Ewert P, Berger F, Kuehne T. Integrated assessment of diastolic
and systolic ventricular function using diagnostic cardiac magnetic
resonance catheterization: validation in pigs and application in a clinical
pilot study. JACC Cardiovasc Imaging. 2009;2:1271–81.
24. Ratnayaka K, Faranesh AZ, Hansen MS, Stine AM, Halabi M, Barbash IM,
Schenke WH, Wright VJ, Grant LP, Kellman P, et al. Real-time MRI-guided
right heart catheterization in adults using passive catheters. Eur Heart J.
2013;34:380–9.
25. Pushparajah K, Tzifa A, Bell A, Wong JK, Hussain T, Valverde I, Bellsham-
Revell HR, Greil G, Simpson JM, Schaeffter T, Razavi R. Cardiovascular
magnetic resonance catheterization derived pulmonary vascular resistance
and medium-term outcomes in congenital heart disease. J Cardiovasc
Magn Reson. 2015;17:28.
26. Pushparajah K, Tzifa A, Razavi R. Cardiac MRI catheterization: a 10-year single
institution experience and review. Interventional Cardiology (London). 2014;
6:335–46.
27. Rogers T, Ratnayaka K, Lederman RJ. MRI catheterization in cardiopulmonary
disease. Chest. 2014;145:30–6.
28. Tzifa A, Krombach GA, Kramer N, Kruger S, Schutte A, von Walter M,
Schaeffter T, Qureshi S, Krasemann T, Rosenthal E, et al. Magnetic
resonance-guided cardiac interventions using magnetic resonance-
compatible devices: a preclinical study and first-in-man congenital
interventions. Circ Cardiovasc Interv. 2010;3:585–92.
29. Tzifa A, Schaeffter T, Razavi R. MR imaging-guided cardiovascular interventions
in young children. Magn Reson Imaging Clin N Am. 2012;20:117–28.
30. Lederman RJ. Cardiovascular interventional magnetic resonance imaging.
Circulation. 2005;112:3009–17.
31. Eitel C, Hindricks G, Grothoff M, Gutberlet M, Sommer P. Catheter ablation
guided by real-time MRI. Curr Cardiol Rep. 2014;16:511.
32. Ranjan R, Kholmovski EG, Blauer J, Vijayakumar S, Volland NA, Salama ME,
Parker DL, MacLeod R, Marrouche NF. Identification and acute targeting of
gaps in atrial ablation lesion sets using a real-time magnetic resonance
imaging system. Circ Arrhythm Electrophysiol. 2012;5:1130–5.
33. Chubb H, Harrison JL, Weiss S, Krueger S, Koken P, Bloch LØ, Kim WY,
Stenzel GS, Wedan SR, Weisz JL. Development, Pre-Clinical Validation, and
Clinical Translation of a Cardiac Magnetic Resonance–Electrophysiology
System With Active Catheter Tracking for Ablation of Cardiac Arrhythmia.
JACC: Clinical Electrophysiology. 2017;3(2):89–103. http://www.sciencedirect.
com/science/article/pii/S2405500X16302584.
34. Hilbert S, Sommer P, Gutberlet M, Gaspar T, Foldyna B, Piorkowski C, Weiss
S, Lloyd T, Schnackenburg B, Krueger S, et al. Real-time magnetic
resonance-guided ablation of typical right atrial flutter using a combination
of active catheter tracking and passive catheter visualization in man: initial
results from a consecutive patient series. Europace. 2016;18:572–7.
35. Miller JG, Li M, Mazilu D, Hunt T, Horvath KA. Real-time magnetic resonance
imaging-guided transcatheter aortic valve replacement. J Thorac Cardiovasc
Surg. 2016;151:1269–77.
36. Faranesh AZ, Hansen M, Rogers T, Lederman RJ. Interactive black blood
preparation for interventional cardiovascular MRI. J Cardiovasc Magn Reson.
2014;16:P32.
37. Association NEM: Determination of signal-to-noise ratio (SNR) in diagnostic
magnetic resonance images. NEMA MS 1 1988.
38. Makowski MR, Wiethoff AJ, Uribe S, Parish V, Botnar RM, Bell A, Kiesewetter
C, Beerbaum P, Jansen CH, Razavi R, et al. Congenital heart disease:
cardiovascular MR imaging by using an intravascular blood pool contrast
agent. Radiology. 2011;260:680–8.
39. Kellman P, Epstein FH, McVeigh ER. Adaptive sensitivity encoding incorporating
temporal filtering (TSENSE)†. Magn Reson Med. 2001;45:846–52.
40. Breuer FA, Kellman P, Griswold MA, Jakob PM. Dynamic autocalibrated
parallel imaging using temporal GRAPPA (TGRAPPA). Magn Reson Med.
2005;53:981–5.
41. Roujol S, de Senneville BD, Vahala E, Sørensen TS, Moonen C, Ries M. Online
real-time reconstruction of adaptive TSENSE with commodity CPU/GPU
hardware. Magn Reson Med. 2009;62:1658–64.
Velasco Forte et al. Journal of Cardiovascular Magnetic Resonance  (2017) 19:60 Page 9 of 9
